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Introduction
During multisensory integration, signals from different sensory modalities are weighted according to their contextual reliability and combined to produce a unitary perceptual experience of the world [1] [2] [3] and our own body, including the sense of body ownership (i.e. the sense that our body belongs to us; [4] ). Body ownership has been extensively studied using the Rubber Hand Illusion (i.e. RHI; [5] ), during which participants watch a fake hand being touched in-or out-ofsynchrony with their own unseen hand. The RHI has provided significant insight into how conflict between vision (of a synchronously touched rubber hand) and proprioception (of the real hand's location) is resolved by information from one modality (vision) dominating over the others (proprioception and touch; [6] [7] [8] ). This "visual capture" effect (i.e. dominance of visual cues over other modalities; [9] ) occurs, in particular, when vision is deemed contextually most reliable (e.g.
when we process visuo-proprioceptive signals in the horizontal plane; [6] ). However, not all sensory conflictual situations are solved with a dominance of vision over proprioception. For example, an illusory feeling of movement is often experienced whilst sitting on a stationary train and observing an adjacent train beginning to move past. In such instances, the vestibular system, primarily involved in regulating balance and coordination during self-motion, also contributes to multisensory integration, providing information signalling an unresolved conflict between vision (i.e. "I see motion") and proprioception (i.e. "I feel I am not moving").
Clinical and experimental studies further suggest that the vestibular system plays an important role in the multisensory integration processes contributing to body ownership [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , although findings were not always consistent (e.g. see Galvanic Vestibular Stimulation, i.e. GVS [20] , studies [21, 22] ). A previous study from our group [23] aimed to clarify these conflicting findings, whilst assessing how vestibular and interoceptive signals (i.e. feelings about the physiological condition of one's own body; [24, 25] ) interact to shape body ownership. Recent research indicates that body ownership is modulated by interoceptive signals [26, 27] , and can be enhanced by applying gentle touch at slow velocities that activate specialised nerve fibres (CT afferents), which provide interoceptive information in the form of tactile pleasure [28] [29] [30] [31] [32] . Administering GVS during a RHI procedure using slow, affective (CT-afferent-optimal) or fast, emotionally neutral (CT-afferent suboptimal) touch, we found that right-hemisphere vestibular stimulation increased proprioceptive drift during "vision-only" (i.e. pure visual capture) and synchronous visuo-tactile conditions (with no observable effect on subjective embodiment) [23] . Moreover, the enhancement of proprioceptive drift during right vestibular stimulation was greater following affective compared with neutral touch conditions. These findings were interpreted as a right-hemisphere stimulation-induced enhancement of vision over proprioception (see also [33, 34] ). However, the specific mechanism by which touch enhances body ownership during right-hemisphere vestibular stimulation remains unclear. Given that affective touch has been shown to elicit comparable feelings of pleasure, as well as neural activation in the posterior insula, both when experienced directly on one's own skin and when observed on someone else's skin (i.e. vicarious affective touch; [35, 36] ), the contribution of affective touch to body ownership may not only depend on its felt components but also on its seen, vicarious aspects. Thus, the vestibular system may differentially modulate such contribution according to the way touch is perceived.
The current work sought to address this outstanding ambiguity, by dissociating felt and seen touch during two RHI experiments with concurrent GVS. We included conditions during which slow (affective) or fast (neutral) touch was applied only to the real hand without concurrent touch on the rubber hand (Experiment 1), and vice-versa (Experiment 2), to determine whether the enhancement of proprioceptive drift was driven by the seen or the felt component of affective touch. Specifically, we aimed to i) replicate our previous findings [23] , showing that vision of a rubber hand during righthemisphere vestibular stimulation leads to increased proprioceptive drifts towards the rubber hand, even without touch ("visual capture of proprioception") and ii) explore whether vestibular stimulation would favour proprioception over vision when touch is felt but not seen, but favour vision over proprioception when touch is seen but not felt. We hypothesised that administering affective touch only on participant's own hand during stimulation of the right vestibular network would lead to smaller proprioceptive drifts (i.e. disruption of a previously induced "visual capture"), compared with neutral, fast touch, whilst affective touch on the rubber hand only would have opposite effects (i.e. enhancement of "visual capture") due to the vicarious properties of affective touch. We did not expect to observe changes in embodiment questionnaire scores, since all touch conditions in the current study involved visuo-tactile asynchrony, consistently found not to elicit increased embodiment feelings [37, 38] .
Materials and methods

Participants
In Experiment 1, thirty-six, right-handed, healthy participants (23 females, age range=18-48 years, M=24.39; SD=6.01), were recruited via an institutional subject pool. Two participants were excluded from the analysis (they scored more than 2.5 SD away from the mean in more than 2 distributions Exclusion criteria included psychiatric/neurological history, vestibular disturbances, pregnancy or metal plaques in participants' body and previous participation in GVS studies (due to the necessary deception involved in sham conditions). Both studies were approved by an institutional Ethics Committee and all participants gave written consent.
Experimental design
We applied GVS (LGVS, RGVS, Sham) during a RHI task in a within-subjects, block design, with the order of the three GVS blocks counterbalanced across the sample. Each of the 3 GVS blocks comprised two stroking conditions (slow, affective at 3 cm/s or fast, neutral at 18 cm/s touch [29] , administered in a counterbalanced order across participants), each preceeded by a visual only condition (pure "visual capture") (see Figure 1A and 1B). Stroking conditions ( Figure 1C ) were administered to explore whether touch on participant's hand only during LGVS would reduce a previously induced visual capture, with the prediction that affective touch would have a further disrupting effect than neutral touch.
Two outcome measures were collected: proprioceptive drift (i.e. the perceived shift of the participant's hand towards the rubber hand, in centimetres) and an Embodiment Questionnaire [23] .
Proprioceptive drift was assessed pre-GVS and post-GVS for each condition and calculated by subtracting the post-GVS estimate of the left hand's location from the pre-GVS one ( Fig. 1.A) . At the end of each condition, participants completed the Embodiment Questionnaire [39] , presented on a computer in a randomised order (see Section 1, Supplementary Materials). The answers to each question were averaged in order to obtain an overall embodiment score per condition.
The design and procedure for Experiment 2 were identical to Experiment 1 except for the fact that touch was applied on the Rubber Hand only (instead of participant's own hand) and that we predicted an enhancement rather than a disruption of visual capture effects. Before the visual capture condition started, participants performed a proprioceptive judgement (pre-GVS measurement).
Immediately afterwards, the vestibular or sham stimulation commenced, lasting for 2 minutes, during which participants sat with their eyes open. During the last 30 seconds of vestibular or sham stimulation, the experimenter opened the box lid and instructed the participant to look at the rubber hand until told otherwise. After 120 seconds (total) stimulation the lid was closed and participants immediately performed a second proprioceptive judgement and completed the embodiment questionnaire (post-GVS measurements). C) Timeline of the stroking conditions. Both stroking conditions (slow, affective or fast, neutral touch) followed the same structure. Participants made an initial (pre-GVS measurement) proprioceptive judgement, followed immediately by vestibular or sham stimulation lasting for 120 seconds. After 30 seconds of vestibular stimulation, the rubber hand was revealed by the experimenter and participants were asked to continuously look at it for 30 seconds. Then, the experimenter started stroking participants (experiment 1) or rubber hand's (experiment 2) forearm slowly or fast for 60 seconds, while the participant was asked to keep looking at the rubber hand. At the end of the 2 minutes, both tactile and vestibular stimulation ended and participants were asked to perform a second proprioceptive judgement and answer the embodiment questionnaire (post-GVS measurements).
Experimental setup and materials
Galvanic Vestibular Stimulation
We implemented a bipolar stimulation with fixed intensity (1mA) and duration (2 minutes per condition), delivered via a direct current stimulator (NeuroConn DC-stimulator, neuroCare Group GmbH, München, Germany). The total amount of stimulation per GVS block was 8 minutes, with each experiment involving 24 minutes (including Sham) of non-continuous stimulation. Each GVS block was followed by a 20-minute break in order to minimise possible stimulation after-effects [20] .
GVS was delivered via two 3x3cm carbon rubber electrodes fixed either on the participants' mastoid bones (LGVS and RGVS) or neck (Sham) using a rubber band. During LGVS (i.e. leftanodal/right-cathodal stimulation), the anode was on the left mastoid process and the cathode on the right. During RGVS (i.e. left-cathodal/right-anodal), the inverse configuration was used. During Sham, the electrodes were placed on the nape (~5 cm below the end of the mastoid processes).
Rubber Hand Illusion
The apparatus was the same as detailed in our previous study [23] , with the exception of the distance between the rubber and participant's hand (see Figure 2) . 
Experimental Procedure
Participants positioned their left forearm in the box and the experimenter aligned their index finger with the rubber hand (hidden from participant's view). Each condition started with a proprioceptive judgement (pre-GVS measurement; see [23] ), followed by GVS stimulation. During the first condition (visual capture, Figure 1B ), the rubber hand was only revealed after 1 minute and 30 seconds of stimulation and participants were asked to continuously look at the rubber hand for the last 30s. Participants then performed a second proprioceptive judgement with the box closed and completed the embodiment questionnaire (post-GVS measurements).
After the first visual capture condition, there was a one-minute break, during which participants were asked to move their left arm to reduce any cumulative effects. During the break (in Experiment 1 only), two adjacent 9x4cm areas were drawn with a washable marker on the participant's left forearm, to control for stroking pressure and habituation [29] . Subsequently, one of the two stroking conditions began (slow or fast velocity), with a pre-GVS proprioceptive judgement ( Figure 1C ). Immediately afterwards, the vestibular stimulation started and for the first 30s participants sat without performing any task. Then, the experimenter opened the lid and asked participants to focus on the rubber hand. After 30s of visual only exposure to the rubber hand, the experimenter started stroking the participants' forearm (Experiment 1) or the Rubber Hand (Experiment 2), either slowly at 3 cm/s (i.e. single touch=3s) or fast at 18 cm/s (i.e. single touch=0.5s) for 60s. Touch was always administered proximally to distally and each stroke was followed by a 1s pause. Participants were instructed to maintain their gaze on the rubber hand. After 120s, the vestibular-tactile stimulation ended, the post-GVS proprioceptive judgement was obtained and participants answered the embodiment questionnaire (post-GVS measurements). The second visual capture and stroking conditions of the block began after a one-minute break.
Manipulation checks
At the end of the experiment, with no vestibular stimulation applied, participants were asked to rate the pleasantness of two sets of stroking (at 3cm/s and 18cm/s) to ensure that they perceived slow touch as more pleasant than fast touch [23, [28] [29] [30] . In Experiment 2, we included an extra block of trials in which we asked participants to rate pleasantness of strokes observed on the rubber hand only (the vicarious and actual stroking block were counterbalanced -see SM, section 2.2.5.),
to check whether they would rate the seen affective touch as more pleasant than the seen neutral touch. This was confirmed by parametric and non-parametric tests (see SM, 2.1.4 and 2.2.4).
Participants were then asked to report any physical sensation associated with the vestibular stimulation and guess in which of the three configurations they thought they had received vestibular stimulation (SM, 2.1.5. and 2.2.5.).
Data analysis
We first aimed to replicate previous findings of increased visual capture following LGVS [23] in both experiments. We conducted i) a 3 (GVS:
LGVS In Experiment 1, we aimed to examine the effects of vestibular stimulation and touch on visual capture. We performed separate 3 (GVS:
LGVS vs. RGVS vs. Sham) x 2 (Velocity: slow vs.
fast touch) x 2 (Order: slow first vs. fast first) mixed ANOVA (with repeated measures on the first two factors) on i) the raw proprioceptive drift values (obtained after each stroking condition), and ii) differential proprioceptive drift scores (calculated by subtracting the drift score obtained during the stroking condition from its immediately preceding visual capture baseline). Paired-samples t-tests (Bonferroni-corrected, α=0.0167) were run to investigate the direction of main effects and interactions. In Experiment 2, we aimed to explore whether seen touch on the Rubber Hand would enhance visual capture effects during LGVS. We hypothesised that such enhancement would be greater for affective rather than neutral touch in the stroking conditions, which was analysed with a As several of the proprioceptive drift distributions were non-normal, we ran non-parametric analyses to confirm the effects found in the parametric ones (see SM, sections 2.1.4 and 2.2.4).
Data were analysed using the IBM Statistical Package for Social Sciences (SPSS) for
Windows, version 23 (Armonk, NY) and plotted using the "ggplot2" package for R [40] . 
Results
Experiment 1
Disruption of Visual Capture
A 3-way mixed ANOVA on the differential scores revealed a main effect of Stimulation 
Discussion
We used GVS during an adapted RHI to explore vestibular contributions to multisensory integration aiming to i) replicate our previous findings on visual capture of proprioception (i.e. LGVS leads to greater proprioceptive drifts towards the rubber hand even without touch) and ii) investigate the role of right-hemisphere vestibular stimulation in sensory conflict (i.e. touch felt but not seen and vice-versa). Specifically, we hypothesised that i) LGVS would lead to smaller proprioceptive drifts during tactile stimulation of participants' skin (i.e. touch felt but not seen) in comparison with RGVS and Sham ("disruption of visual capture"), but in favour of vision when touch is seen but not felt ("visual capture of vicarious touch") and ii) that both effects would be enhanced by applying affective, slow touch in comparison with neutral, fast touch.
In Experiment 1, we successfully replicated our previous findings:
LGVS led to greater visual capture in comparison with Sham and RGVS during mere observation of a rubber hand, i.e.
participants showed significantly greater proprioceptive drift towards the rubber hand following righthemisphere vestibular stimulation. In Experiment 2, we found a similar, yet milder, pattern:
LGVS led to greater proprioceptive drifts but not significantly more than RGVS and Sham. This reduction of the effect in Experiment 2 might be due to the different experimental manipulations (felt vs seen touch in the conditions following the visual capture ones) and/or higher individual variability in the sample. However, these findings suggest that stimulation of the right vestibular network may modulate multisensory integration by increasing the weight of vision over proprioception in a visuoproprioceptive conflict. As we argued elsewhere [23] , such visual capture effect may be due to a temporary disruption of participants' body representation [41, 42] . The vestibular system may reduce the relative weight of somatosensory stimuli whilst increasing the relevance of exteroceptive ones in order to allow the resolution of perceptual ambiguity [43] . This would be consistent with the visual capture effects observed in stroke patients with right peri-sylvian lesions [33] and with reports of symptoms remission following right-hemisphere vestibular stimulation in patients with dis-ownership feelings [11, 44] .
Our second main finding is that vestibular stimulation modulates visuo-tactile conflicts according to whether the touch is felt or seen. In Experiment 1, when touch was applied to participant's own hand (without concomitant tactile stimulation of the rubber hand), proprioceptive drifts were significantly smaller during LGVS in comparison with Sham stimulation (but not RGVS).
In Experiment 2, seen vicarious touch delivered to the rubber hand during LGVS led to increased proprioceptive drifts in comparison with Sham (but nor RGVS). Hence, vestibular signals (not necessarily in a lateralised fashion) may be dynamically contributing to multisensory integration according to the contextual relevance of the different modalities involved. This may explain some of the previous conflicting findings in vestibular stimulation studies (e.g. [21, 23] vs [22, 45, 46] ). When a rubber hand is in a plausible position in space, allowing its integration in participants' body representation (as in our previous and current studies), vestibular signals may contribute to solve perceptual ambiguity by weighting visual signals more than proprioceptive ones. Conversely, when a third sensory modality (i.e. touch) is introduced in an asymmetric fashion, such that incorporation of the rubber hand into participant's body representation would generate additional conflict (i.e. feeling touch that is not seen leads to increased perceptual ambiguity), vestibular signals do not favour visual cues over proprioceptive ones. However, when touch is seen but not felt (i.e. it is vicariously perceived via vision), vestibular signals seem to favour vision, rather than proprioception, to reduce sensory conflict. Hence, the vestibular system may contribute to the maintenance of a coherent percept of our own body by solving ambiguous perceptual situations: such weighting mechanism could be responsible for the enhancement or reduction of visual cues in visuoproprioceptive-tactile conflicts according to whether the conflict between the different sensory sources can or cannot be solved via visual dominance over proprioception.
Finally, we did not find differences between affective and neutral touch in disrupting nor enhancing visual capture. This contradicts our hypothesis that the results we observed in our previous study may be due to either the felt or the vicarious properties of affective touch. One possibility is that our previous findings, rather than representing vestibular enhancement of felt or seen components of affective touch, may be explained by the presence of both, delivered in synchrony [47] . Future studies should investigate differential contributions of visuo-tactile versus vicarious and tactile only affective touch to multisensory integration.
To conclude, we provided further evidence that the vestibular system may dynamically contribute to multisensory integration by weighting different sensory modalities according to the context in which they are experienced. In the current study, vestibular stimulation led to an increased dominance of visual information over proprioception during a visuo-proprioceptive conflict as well as during vicarious touch conditions (i.e. when touch was seen on the rubber hand but not felt on participant's hand), but a decrease of visual capture effects when touch was only felt on participant's hand but not seen on the rubber hand. These findings suggest that the vestibular network may modulate multisensory experience in a dynamic fashion in an attempt to solve sensory conflicts.
